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Microbial ecologists are mostly interested in the
types of microbes present in communities and
their contributions to ecosystem processes. It is,

therefore, desirable to know which are the predominant
species in a community, their abundance and their
metabolic contributions. It is well known that most
microbes in natural communities cannot be cultured in 
the laboratory, at least with current techniques, and this
severely restricts identification of even predominant
microbes (ordinary bacteria or archaea) because identi-
fication classically relies on responses to specific media and
phenotypic expression under definite cultural conditions.
Oligonucleotide molecular probes can help this situation,
assuming that a microbial sample is available and we know
what we should be looking for. They can also yield inform-
ation on the abundance of microbes and, with some
sophisticated treatment, can provide estimates of metabolic
activity; hence their power as tools in microbial ecology.

Although molecular probing is a powerful and
moderately straightforward technique, it still requires
samples to be taken from the natural environment. Natural
communities do not exist inside laboratory flasks but as
components of ecosystems with spatio-temporal structures.
The spatial and temporal structures of ecosystems play
important roles in their dynamics because spatio-temporal
heterogeneities can be driving forces for life processes, for
example a redox gradient in soil is a driving force for the
microbial soil ecosystem. Periodic material exchange by
tidal action is an example of heterogeneity in time. These
spatial gradients and temporal changes in environments 
can be generalized as spatio-temporal heterogeneities,
especially when these two elements are conjugated in a
single ecosystem. Upwelling in aquatic systems and
hydrothermal vents are examples of such conjugated
dynamic ecosystems. An understanding of the spatio-
temporal effects on natural microbial dynamics requires
continuous observation which cannot be accomplished by
discretely sampling an ecosystem.

There are also cases in which sampling is difficult for
technical reasons, such as in deep-sea hydrothermal vents. A
deep-sea hydrothermal vent ecosystem can be summarized
as being driven by nutrient-rich hydrothermal effluent
supplied from small chimney orifices (high temperature
black smokers) or from narrow cracks (‘low’ temperature
effluent, referred to as shimmering). These sources are small
and sparse and the use of submersibles (manned or un-
manned) is essential for observation and for taking samples
from these systems. This places severe constraints on both
the number and amounts of samples that can be recovered.

Continuous observation using optical methods is one
solution to the sampling problem. Measurement of turbid-
ity, i.e. light-scattering, is commonly used to determine 
cell density in the laboratory, where it gives good results for
pure cultures. It cannot, however, be applied to natural
communities for two fundamental reasons. First, the
presence of non-living particles creates an unacceptable

level of noise in the system and second, the heterogeneity of
microbial communities means that the optical contribution
of each cell is not unique, so that calibration is effectively
impossible. Another widely used optical technique is
fluorescence measurement, often in combination with laser-
based cytometry, which can give information about the
amount of fluorophore present. Although it can be used for
continuous measurement, it has a similar restriction to that
of molecular probes; if we are not sure what is there, we may
get no information or, even worse, we may get misleading
information. We need a method with intermediate
‘resolution’ that can tell us which types of molecules, rather
than which individual species, are present. Raman
spectroscopy allows us to do this.

● The Raman spectrum
A Raman spectrum is a set of very narrow spectral lines
emitted from object molecules when illuminated by an
incident light. The width of each spectral line is strongly
affected by the spectral width of the incident light and hence
tightly monochromatic light sources, such as lasers, are
used. The wavelength of each Raman line is expressed as a
wavenumber-shift from the incident light, which is the
difference between the inverse wavelength of the Raman
line and the incident light. The wavenumber-shift, not the
absolute wavelength, of the Raman lines is specific to
particular atomic groups in molecules.

Raman spectra measure the vibration states of molecules
which are determined by their molecular structure,
especially by atomic groups such as methylene, ethylene,
amide, phosphate or sulphide. Most applications of Raman
spectroscopy in biology are concerned with change in
vibration states of macromolecules or related small
molecules. Changes in either the wavenumber-shift of
single Raman lines or the relative intensities of two or 
more Raman lines in an atomic group have been interpreted
as indicating conformational changes in macromolecules.
For these reasons Raman spectroscopy is mainly used for
qualitative studies of molecules and molecular dynamics 
in biology. For easier and clearer interpretation of Raman
spectra, use of the technique has been restricted mainly to
purified materials and their systems, such as enzyme
reactions. However, because Raman spectra are based on the
specific vibrations of atomic groups we can also use them 
to characterize and quantify a mixture of molecules as
compositions of atomic groups by a method akin to finger-
printing. Although unable to resolve the composition of a
sample in terms of a list of chemical compounds, it does give
a rough sketch of the molecular composition of the natural
environment and how it changes with time.

● Resonance Raman scattering
The Raman effect is an induced emission of light and 
its efficiency (intensity for the same incident intensity)
depends on the energy interactions between photons 
and molecular groups. When object molecules have
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chromophores with an absorption wavelength nearly
matching the incident light, the efficiency of Raman
scattering is considerably increased. This enhancement
phenomenon, known as resonance Raman scattering, is
different from non-resonance Raman scattering. Although
they differ in efficiency and application, they share the 
same principle of non-elastic light scattering. Non-elastic
scattering is a process involving energy transfer, hence 
the energy of incident and scattered photons is different.
Since the energy of each photon is equivalent to its
wavelength, non-elastic scattering can be detected as 
the emission of light with a different wavelength from 
the incident light. The energy difference of the emitted
photon reflects the energy level in molecules, which is the
atomic group vibration within molecules in the case of
Raman scattering. By contrast, for elastic light scattering 
it is momentum, not energy, transferred between photon
and molecule, which results in a change in the direction 
of the photon, i.e. reflection and refraction. This can be 
used to provide information such as the shape of whole
objects as a result of the phase interference between 
scattered photons.

Resonance Raman scattering may sound like fluor-
escence, but it is a completely different process. Fluorescent
light is generated after absorption and re-emission of 
a photon by the chromophore, but resonance Raman
emission is induced without the absorption of a photon.
They can be practically distinguished; when the wavelength
of incident light is changed within a comparatively 
wide tolerance fluorescence spectra are not affected. The
wavelength (i.e. absolute wavenumber) of a Raman line, on
the other hand, varies with that of the incident light to 
keep the Raman shift constant. Also Raman scattering
induced by a laser light gives much narrower spectral lines
compared with the broad spectrum of fluorescence; 
the former is of the order of spectral band width of the
incident light (commonly less than 1 nm with current
lasers), but the latter is 10 nm or more and is not affected 
by the band width of the incident light. Using these
differences we can distinguish, for example, between
carotenoids and chlorophyll in phytoplankton cells in 
vivo, without any chemical treatment. Carotenoids can 
be detected as spiky Raman lines beside the broader
fluorescence from chlorophylls. This is an unexpected
result, considering the relative abundance of chlorophyll
and carotenoids in phytoplankton cells. Either the energy
transfer between chromophores or the intracellular
structure in which these chromophores exist must suppress
fluorescence from chlorophyll. Indeed the chlorophyll
fluorescence of solvent extracts from phytoplankton 
cells makes detection of the carotenoid Raman band
difficult. Thus, resonance Raman spectroscopy enables such
‘optical’ extraction of molecules. The choice of incident 
laser wavelength determines which molecules will be
excited, and hence we can differentiate molecules of 
interest.

● Non-resonance Raman scattering
Similar Raman scattering also occurs even without
resonance or absorption and is called, not surprisingly, 
‘non-resonance Raman scattering’. By contrast to resonance
Raman scattering, which is only observed in molecules
which resonate with the incident light, non-resonance
Raman scattering occurs with all molecules, except in cases
where Raman emission is prohibited by a physical law, the
so-called ‘selection rule’, which relates to the shape of
molecules determining their vibrational modes. This non-
specificity means that non-resonance Raman spectroscopy
can be used as a general tool to characterize and to quantify
organic matter in the natural environment. All natural
organic molecules contain either methyl or ethyl groups, so
estimation of the concentration of these groups gives a
measure of the organic carbon concentration. Simultaneous
recording of Raman bands corresponding to methyl/ethyl,
amide and phosphate groups provides a fingerprint of the
organic molecules present. The generality of non-resonance
Raman scattering means that it can provide a simultaneous
record of a wide range of molecules. When we find a spectral
pattern indicating the existence of a molecule of interest, we
can then apply more specific methods to obtain greater
detail. This is perhaps the greatest potential that the tech-
nique has to offer microbial ecology. It also provides the
opportunity for a continuous monitoring method to give 
a spatio-temporally continuous view, which is highly
desirable for understanding the nature of microbial eco-
systems.

● Incident light
Resonance and non-resonance Raman scattering differ 
not only in specificity but also in sensitivity. Application of
non-resonance Raman scattering is limited by the far
weaker intensity of scattered light which arises from the
nature of Raman scattering. Unlike absorption, Raman
emission is the result of an interaction between an incident
photon and the molecule, which is a much rarer event. This
results in a much lower intensity with the same intensity
(flux of photons) of incident light. Furthermore, the
fingerprint region of organic molecules in Raman spectra 
is rather close to the wavelength of the incident light.
Conventionally, tandemly aligned double or triple spectro-
meters have been used as filters to eliminate stray incident
light. Sensitive detectors and long exposures are necessary,
not only because of the weakness of Raman emission but 
also due to optical losses in tandem aligned multiple

ABOVE:
Schematic diagram comparing Raman
scattering with fluorescence. Each
bundle of horizontal lines indicates
energy states of a molecule. Lines in
each bundle represent vibration energy
levels corresponding to each electron
energy level. Dashed horizontal lines
indicate virtual energy levels. Upward
arrows indicate the action of incident
photons and downward arrows indicate
emission of photons. The length of each
arrow corresponds to the energy of the
photon which is inversely proportional
to the wavelength of the light. The
horizontal spacing between arrows
indicates the time between upward 
and downward processes. An electron
in the molecule is excited by the
absorption of a photon: the fluorescence
photon is emitted after a random delay.
In the case of both resonance and non-
resonance Raman, the upward and
downward processes must take place
simultaneously; for that reason, it is
referred to as a two-photon process.
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spectrometers. For longer exposures, thermal background
noise of the detector must be reduced and electrically cooled
charge-coupled device (CCD) detectors are now commonly
used for Raman spectroscopy. Incident light sources must
have very narrow bandwidths because Raman lines carry
over the bandwidth of incident light, and a broad spectrum
of incident light reduces the spectral resolution of Raman
spectra. The light source also must have high intensity and
be well focused to optimize efficiency of the optical systems.
For these reasons, lasers are commonly used as light sources
in modern Raman spectroscopy.

● Field applications
Raman spectroscopy has been largely used in laboratories
with a specific interest in molecular vibration, so high-
resolution spectrophotometers have normally been used.
Spectrophotometers with longer optical paths have been
preferred because these enable better spectral resolution. A
longer optical path, however, results in greater optical 
loss in the system so demands longer exposure and a more
intense light source, which again means a laser source. These
problems have made the application of Raman spectroscopy
in field research difficult. Smaller optics are preferable for
field use not only for portability but also because they are
brighter, enabling shorter exposure times (i.e. more data),
and consume less power (the light source and the CCD
cooler are the main power consumers in Raman spectro-
scopy). Field applications sometimes do not require the
high spectral resolution demanded by the specialist
laboratory and hence we can reduce the size of the optical
system by restricting the spectral resolution within an
acceptable range. Nowadays improved optical elements 
are commercially available, although some of them are
restricted for military use, which permit the field
application of Raman spectroscopy. Higher sensitivity
resonance Raman spectroscopy would also expand the 
area of application by facilitating the detection at lower
concentrations of the object molecules with lower power
incident light and with shorter exposures to improve the
time resolution of the process. Combination of resonance
Raman spectroscopy and fluorometry would give another
approach to quantifying biological pigments.

● Conclusions
Raman spectroscopy has emerged from the physics world
and has been applied in specialized biophysical laboratories
as a technology to investigate molecular dynamics.
Improvements in each component technology are creating 
an opportunity for wider application, including microbial
ecology. Raman spectroscopy is now gaining the ability to
be used for general field observations.
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Until quite recently, microbial
cell–cell communication
mediated by diffusible signal
molecules was considered a
curiosity and studied by few
researchers. Certainly, signals 
such as A factor in
Streptomyces griseus, cAMP
in Dictyostelium discoideum,
and the autoinducer N-(3-
oxohexanoyl)homoserine
lactone in Vibrio fischeri had
attracted attention because
of their spectacular effects on 
the producer organisms, but
only in the last few years has it
become clear that diffusible
signals have a vital role in the
development of many
different micro-organisms.
This Symposium volume is a
tribute to a rapidly expanding
area of research and brings
together contributions
describing cell–cell
communication in major
groups of prokaryotic and
eukaryotic micro-organisms.
The book also highlights 
the importance of signalling 
in certain microbe–plant 
and microbe–animal
interactions – here, obviously,
a choice of some well-
documented examples had 
to be made. The chapters on
bacterial signalling provide a
useful and comprehensive
overview on lactone and
peptide signal molecules, and
all groups of bacteria for
which signalling mechanisms
have been well characterized
are adequately covered.

Book chapters offer their
authors an opportunity to 
put research results into a
broader perspective and to
discuss unsolved problems.
Several contributors to this
volume have taken advantage
of this opportunity. For
instance, Kaprelyants et al.
discuss the controversy about
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the ‘viable but non-culturable’
phenomenon in the context of
bacterial cytokines and make
a plea for clear operational
definitions. By contrast, the
apparent paradox that N-
acylhomoserine lactone
autoinducers cannot be
indefinitely what their name
suggests – because at some
stage autoinduction must be
terminated – does not seem
to provoke much discussion.
Fungal pheromone
communication is
represented by a chapter 
on Schizosaccharomyces
pombe; perhaps a brief
description of mating type
signalling in Saccharomyes
cerevisiae would have been a
useful addition. In filamentous
fungi, a multitude of
morphologically defined
phenomena contrasts with a
scarcity of molecular data on
signalling: lots to explore!

With its extensive
bibliography and description
of research in progress, this
book is a highly useful and
timely source of references.
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